The combustion of solid fuels in the rotary kiln and in the calciner of a cement plant generates fuel and thermal NO. This NO can be reduced inside the reducing zone of the calciner. This occurs in two different ways: homogeneous reduction by hydrocarbons and heterogeneous reduction by char. The purpose of this paper is to identify the relative contribution of volatile matters or char on the NO reduction process, which largely depends on the nature of the solid fuel used for reburning.
Introduction
The combustion of coal leads to NO x emissions, contributing to acid rain and photochemical fog. The necessity for NO x reduction is internationally recognized and effective control technologies have been developed [1] . Combustion produces mainly NO (90-95% of the total amount of NO x produced) which subsequently oxidizes at ambient temperature into NO 2 [2, 3] . Solid fuel combustion mainly induces the production of Fuel-NO (>90% of the NO produced) [4] [5] [6] , resulting from the oxidation of the nitrogen compounds of the fuel. This tendency is further increased in the case of a cement plant calciner, where the ''low'' temperature (<1300°C) prevents thermal NO x formation [2, 7] .
The production of Portland cement is the result of numerous reactions happening at different temperatures [1, 2, 8, 9 ]:
• first, the main ingredient of cement (calcite or CaCO 3 (75-80%)) should be calcined in the temperature range 800-1000°C to yield lime (CaO); this reaction mainly occurs in the calciner; • second, the lime and other cement components of clinker are sintered within the rotary kiln at high temperature (1300-1450°C): these are the clinkering reactions;
• then, the clinker is rapidly cooled to obtain the desired crystalline structure.
Due to the high combustion temperature of the rotary kiln, both thermal and fuel NO are produced there.
In the calciner, either in the so-called ''combustion chamber'' or downstream of the rotary kiln, secondary fuel is injected, creating a fuel-rich zone, also called the ''reducing zone''. It has been observed that substantial NO reduction occurs in this zone, where the conditions are similar to those of the ''reburning'' process.
Reburning consists of adding fuel, frequently natural gas, downstream of the primary burning zone, creating a fuel-rich zone that reduces NO x , by up to 80% [4] . Some applications where pulverized coal is used as reburning fuel are presented in the literature [4, [10] [11] [12] showing good NOreduction efficiency.
When pulverized coal is injected, devolatilisation occurs, releasing a large variety of gaseous species. Those species are mainly CO, CO 2 , H 2 , CH 4 and other aliphatic or cyclic hydrocarbons, widely studied in the literature [13] [14] [15] [16] [17] [18] . Nitrogen species, HCN and NH 3 [10, 19, 20] , or SO 2 [2] are also released. The interactions between NO and the gaseous species present in the volatile matters (VMs) have been widely studied [21] [22] [23] [24] [25] [26] [27] [28] [29] .
In the case of coal reburning, the influence of NO reduction at the char surface [6, [30] [31] [32] has also a major influence on the global NO reduction. Fig. 1 represents schematically the main mechanisms that form and reduce NO simultaneously during the combustion/reburning process. At the present time, the relative contribution of volatile matters and char on the NO reduction process is not fully understood [32, 33] .
In an increasing number of applications, coal is replaced by alternative solid fuels. The most important ones are lignite, anthracite and petcoke. Coal reburning has been extensively studied. However, the NO reduction capacity of these alternative fuels has not been characterized previously. The purpose of this work is to determine the relative importance of these homogeneous and heterogeneous phenomena in the case of the four major fuels used in the cement production process. To reach this goal, both experiments and modelings were carried out for the four fuels.
The experiments were performed on an Entrained Flow Reactor (EFR), that allows the fuel injection into industrial furnaces to be reproduced in the laboratory [2, 34] . This reactor permits the temperature and atmosphere gas concentrations to be set to the desired value. The modeling is achieved thanks to a single particle thermo-chemical model [35] that has been improved for the present work. The particle devolatilisation and the gaseous species released are taken into account. The gas phase reactions -which were not characterized experimentally in this work -were computed by CHEMKIN II subroutines [36] using the detailed mechanism of [23] (145 species, 1006 reactions). The char oxidation and NO reduction by char are also computed.
The thermo-chemical conditions for this work are representative of those in the reducing zone of a cement plant calciner [1, 2, 8] : particle residence time of 2 s, flow temperature of 900°C, presence of 1.5% O 2 and 880 ppm NO.
In a first step, the three elementary heterogeneous reactions occurring in the reburning process were characterized in term of reaction kinetics. These mechanisms are:
• devolatilisation; the nature and quantities of the released gaseous species were also characterized; • char oxidation;
• NO reduction on char.
To achieve this, three series of specific experiments were carried out to characterize these solid/gas reactions. In each series, the three temperatures 800, 900, and 1000°C were operated. The modeling of each experiment at each temperature was then performed to adjust the different parameters of the model for each fuel.
In a second step, the reburning situation where all the reactions happen simultaneously -representative of the situation which occurs in cement plant calciners -was reproduced in experiments. It was then modeled using the kinetic parameters previously determined. At this stage, no more parameters were adjusted in the model. This modeling finally enables a detailed analysis of the contributions of the different mechanisms involved in the NO reduction.
Experimental

Experimental set-up
All the experiments were performed in a device specifically set up to achieve the combustion of pulverized solid 
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Major species : fuels under ''flash'' conditions, typical of those in a fluidized bed or in a cement plant calciner. The apparatus consisted of an EFR whose design details have been fully described before [34, 37] . The apparatus is shown in Fig. 2 . It is an 80-mm i.d. 1-m long isothermal quartz reactor fed with an electrically preheated laminar atmosphere gas flow. To create the desired mixture of gases, the different gas flow rates were controlled by precise mass flow meters/controllers. The powdered solid fuel is injected through a water-cooled feeding probe and dispersed over the cross-section of the reactor. It reacts for a controlled residence time before being sampled by a water-cooled probe [38] . The well controlled solid injection consists of a low velocity (10 cm/min) conveyor belt that ensures a fuel mass flow rate from 0.5 to 1.5 g/min.
The belt is fed from a separately prepared V-shaped rail along which a precisely weighted quantity of fuel is regularly spread using a calibrated wedge. The gas and solid phases can be collected at different heights (z) using a water-cooled sampling probe, allowing precise control of the particles and gas residence time. After sampling and separating gas from particles, the gases are forwarded to the analyzers, via a Teflon heated line. The sampled gases were distributed towards four continuous analyzer types:
• a fourier transform infra-red (FTIR) analyser to quantify continuously NO, NO 2 , N 2 O, NH 3 , HCN, CO,  CO During the experiments, the atmosphere gas introduced into the reactor and the reactor walls were heated to the controlled temperature. The atmosphere gas with controlled concentrations was fed in at a flow rate of 16 L/ min STP. The transport nitrogen flow rate was set to 2.55 L/min STP. The reference particle mass flow rate was 1.5 g/min. To achieve satisfactory averaging of the concentrations over a cross-section of the reactor, the total flow rate at the suction of the sampling probe was 12 L/min STP.
Properties of the fuels
The four different fuels used in the experiments represent most commonly used fuels in the energy production domain, particularly in cement industry for petcoke [2, 34] :
• a lignite; • a bituminous coal;
• an anthracite; • a petcoke.
The properties of these fuels are presented in Table 1 . The proximate and ultimate analysis values were obtained following French standards NF M 03-003 for the ash [39] , NF M 03-004 [40] for the volatile and NF M 03-002 [41] for the moisture contents. The fixed carbon (C fix ) and oxygen contents were calculated by difference.
Two of these fuels, lignite and coal, have a high volatile content (52 and 35 wt%, respectively), whereas anthracite and petcoke are very low-volatile fuels (6 and 7 wt%). The nitrogen content of the fuels is comprised between 1.1 and 1.7 wt%, apart from lignite where N-content is low: 0.4 wt%. The two high-volatile fuels have a high oxygen content: 24.9 wt% for lignite and 16.2 wt% for coal, whereas anthracite and petcoke only contain 4.4 and 6.8 wt% oxygen, respectively.
Prior to any analysis or experiments, the four fuels were ground, dried, and the fraction 30-100 lm was selected by pneumatic sieving. After this treatment, the particle size was similar for the four fuels, and would not be responsible for any difference observed along the combustion/reburning process.
Production and characterization of the chars
Chars production
The chars used to determine the kinetic parameters for char oxidation and NO reduction at the char surface were themselves produced in the EFR. Indeed, their physicochemical properties strongly depend on the preparation conditions, and particularly on the heating rate. The chars were produced in the following conditions:
• the atmosphere temperature was set to 900°C;
• the atmosphere gas was N 2 and 3 vol% O 2 .
The total atmosphere gas flow rate was 18.55 L/min STP; the fuel particle feeding rate was 1.5 g Fuel /min transported by a 2.55 L/min STP nitrogen flow. The resulting particle residence time was 2 s.
The average temperature of 900°C was adopted to prepare the chars devoted to all further experiments (at 800, 900 and 1000°C). In the narrow range of temperature (800-1000°C), the heating rate for the particles would be in the same order of magnitude as in the case of 900°C, and the properties of the chars would be similar. Indeed, Mermoud et al. [42] have shown that significant differences in the properties of the chars are observed only if the heating rate is changed by one order of magnitude or more.
The 3% oxygen concentration was set to oxidize the volatile matters, particularly tars, and prevent them from condensing at the char surface. This phenomenon was observed experimentally by Pillet [3] and suggested by Solomon et al. [16] . In our case, tar condensation at the char surface was also observed in case of pyrolysis under pure nitrogen of high-volatile fuels (lignite and coal). The ESEM photographs presented in [43] clearly show carbon concretions at the char surface. Due to this observation, it was decided to set the concentration of oxygen to 3% O 2 , a value that was successfully applied by Commandré et al. [2, 31, 44] .
Chars characterization
The physicochemical properties of the collected chars are presented in Table 2 . Due to the low ash content of some fuels and the small available quantities of chars, the char ash content was determined using a TGA device under air, where the final temperature was set to 815°C (as in the case of standard tests). The skeletal density, q pycno , was characterized using He-pycnometry. The specific surface, S Spe , was measured using the N 2 -BET method. Using the total specific surface -as measured from BET using N 2 -to characterize the char reactive surface is the classical reference method, despite it is known that the total porous surface is not the actual reactive surface [31, 42, 44] . This is open to research to determine the actual reactive surface of a porous carbon. The porosity, e, was characterized with Hg-porosimetry. Note that the porosity of lignite char could not be measured because the highly porous and fragile sample was crushed by high pressure of mercury during measurements; we assumed that this porosity is equal to that of coal char.
Numerical modeling
The model used for this study is based on a thermochemical model developed by Commandré et al. [35] to describe the combustion of powdered fuels in EFR conditions (laminar flow). It takes into account the thermal and chemical mechanisms which occur during the combustion. The formation and reduction mechanisms for fuel NO, prompt NO, and thermal NO are modeled.
The basic assumption of the model is that the EFR is a one dimensional plug flow reactor fed with a preheated gas flow (air or N 2 ) and a mono dispersed cold solid particles flow which is homogeneously dispersed in the gas flow. The whole flow is simulated considering a single particle and the gas volume that can be associated with it. The assumption of no particle interactions is implicitly made. The particles are assumed to be isothermal. O-atoms in ultimate analysis was calculated by difference. The values for fixed carbon (C fix ) in proximate analysis and O-atoms in ultimate analysis were both calculated by difference.
Particle properties
The particles are taken as spherical with a diameter of 65 lm (mean value of 30-100 lm). It is assumed that the diameter is constant during the combustion. The particle is assumed to be isothermal, and its temperature is computed through a heat balance including conductive heat exchange with the gas phase, radiative heat exchange with the furnace wall and heat source terms from heterogeneous reactions. The heat capacity of the particles, char and ashes are, respectively, assumed to be 1200, 1900 and 1900 J kg À1 K À1 . The tortuosity of the porous particle is assumed to be equal to 4.
The particle composition is initially described in terms of C, H, O, N, S and ash mass percentages. The mass of each component is computed during the reaction at each time step. N and S are released through different gas species both during pyrolysis and char oxidation. The N and S remaining in the char are released during oxidation proportionally to the mass loss: the mass fractions of N and S in the char do not change along the process. This behavior is detailed using partitioning coefficients adjusted by fitting the model to the experimental values.
Devolatilisation
A lot of work was done by different authors during the 1980s to describe the devolatilisation process [13] [14] [15] [16] 19, 45, 46] . The purpose of this work was not to achieve a fine description of the devolatilisation, but to describe correctly the VM release observed in experiments. Thus, the devolatilisation kinetics was described using a simple mathematical model -single pseudo-Arrhenius law -which does not have the capability to compute heating rate or pressure effects, this because all experiments and modeling work was realized at atmospheric pressure and with the high heating rate corresponding to the flash conditions in our reactor. Indeed this reactor was designed with the aim to reproduce particles heating rates encountered in calciners or powdered fuel burners. Other authors used this rough assumption because of its simplicity and its relatively good accuracy with global experimental results [2, 47] . The devolatilisation reaction is described following expressions:
The activation energy was set at 110 kJ mol À1 for all fuels, corresponding to a value commonly found in the literature [2, 34, 48, 49] . The pre-exponential factor A dev (Eq. (3)) was adjusted by a minimization on the experimental values at the three temperatures: 800, 900 and 1000°C. A different value of the VM mass fraction, a dev , is determined at each experimental temperature.
The partitioning of the initial mass of the fuel during devolatilisation is illustrated in Fig. 3 . In this model, tars -that represent approximately half of the mass of volatile matters as shown further -are assumed to have the same composition as char, and to behave as the char residue regarding their oxidation and participation to NO chemistry.
Another assumption was that H and O atoms that are not recovered after analysis of pyrolysis gases and chars were assumed to form water, i.e. not to play a role in the pollutants chemistry. These assumptions remain weak points in the proposed approach, and should motivate further research in these domains.
Thus, as illustrated in Fig. 3 , the volatile matters modeled are assumed to be composed of
• major species -carbon oxides (CO, CO 2 ), hydrogen, and hydrocarbons (CH 4 , C 2 H 2 , C 2 H 4 , C 2 H 6 , C 3 H 8 ), • minor species -nitrogen species (NO, N 2 O, NH 3 , HCN), and SO 2 .
The mass of each formed volatile and solid species is computed as detailed below:
• At first, the mass of N and S containing species is calculated.
Establishing the N mass balance described in Fig. 4 , the mass of each N containing species can be calculated first through the partition coefficient a N that distinguishes between N in volatile species and N remaining in the char.
• volatile N is distributed among NO, N 2 Again the N balance is closed thanks to c c , assuming that the remaining N is converted to N 2 .
The mass balance for S species proposed in Fig. 4 assumes that part of the fuel sulfur is released during devolatilisation to form SO 2 only. The partitioning coefficient a S is determined by fitting the model with devolatilisation experiments. The S atoms remaining in char and tar are converted later on to SO 2 , along the char oxidation reaction.
• A mass balance for O atoms is represented in Fig. 5 Fig. 5 enables to calculate the mass of char. The mass of tar is included in the mass of char, as discussed previously.
The values for all partitioning coefficients were determined thanks to specific experiments (devolatilisation (Type 1) and char oxidation (Type 2)) as detailed further in the paper. They were gathered together in Table 3 .
Heterogeneous reactions
Both char oxidation and NO reduction are calculated in this computer code. In both cases, the internal and external mass transfer limitations in the porous particle are taken into account.
Char oxidation
The char oxidation reaction into CO and CO 2 -the major species -is represented by the following reaction:
where fr CO is the mole fraction of CO released during char oxidation, determined following the Arthur's law (5): Table 3 Heterogeneous reactions parameters used in the model The kinetics of the char oxidation is modeled following a single pseudo Arrhenius law (6)
where m Char is the mass of char (kg) in the considered volume element, g is the effectiveness factor (dimensionless), S Spe the specific surface area (m 2 /kg), P O 2 is oxygen partial pressure at the surface of the particle (atm) and n is the reaction's order (dimensionless)
The reaction order, n, varies in the literature between 0.5 and 1 [9, 50, 51] . Smith [50] uses a unity value for temperatures higher than 1000 K and 0.5 for lower temperatures. In this work n is assumed to be equal to 1.
The effectiveness factor can then be calculated by means of the pore model initially proposed by Thiele for porous catalysts applications [52] and further adapted by Smith to char oxidation [50, 51] . This model is reminded and detailed in [53] .
During char oxidation, some minor species -SO 2 and nitrogen species (NO, N 2 O, NH 3 , HCN) -are also released. Respectively, the a S and the g c , b c , d c and e c partitioning coefficients make it possible to describe the release of these species (see Fig. 4 ). They were adjusted to fit the experimental values obtained in devolatilisation (Type 2) experiments; the determined numerical values are presented in Table 3 .
NO reduction at the char surface
The NO reduction at the char surface is assumed to follow the reaction (8).
The rate of NO consumption by char is computed assuming the expression (9) that follows a first order Arrhenius law (10).
The effectiveness factor relative to the NO reduction by char, g NO , is computed following the same method as for char oxidation. The reaction's order, m, is assumed to be unity as it is outlined in the literature [2, 31, 54] . A NO is the pre-exponential factor (mol NO m À2 s À1 atm À1 ) and Ea NO is the activation energy that was set to the value proposed by Aarna and Suuberg [54] and confirmed by Commandré et al. [31] : 133 kJ/mol. In the minimization process, only the pre-exponential factor A NO was adjusted to match the experimental data. The determined kinetic parameters for the NO reduction by char are presented in Table 3 .
Gas phase reactions
Gas phase reactions, are treated with the Dagaut et al. scheme (145 species, 1006 reactions) [23] . This detailed mechanism allows interactions between NO and hydrocarbons (from H 2 to C 4 ) to be correctly described, taking the influence of SO 2 into account. The reaction rates and energy source terms are treated by CHEMKIN II [36] software subroutines that are called upon by the main program.
Results
Experimental and modeling strategy
Let us remind the main mechanisms that form and reduce NO during the combustion/reburning as illustrated in Fig. 1 . The three heterogeneous reactions -devolatilisation, char oxidation and NO reduction by char, in bold in Fig. 1 -were studied successively. The kinetic parameters and all the partitioning coefficients presented above were adjusted by comparing the results of the successive modeling to the experimental data for each heterogeneous mechanism.
In order to model the reburning process, four different types of experiment and modeling were carried out.
Type 1: fuel devolatilisation
These experiments consisted in injecting a powdered fuel in pure N 2 atmosphere and sampling after different residence times. The objectives were:
• to determine the kinetic parameters of the devolatilisation reaction; • to determine the variety of species released during devolatilisation; • to determine all the partitioning coefficients related to the devolatilisation presented above (a N , a S ,
and a H!H 2 ).
Type 2: char oxidation As illustrated in Fig. 1 , the char oxidation consumes the char residue and is responsible for the direct formation of some gaseous N-species. Along this process, char also reduces NO in the gas phase.
The experiments to characterize this reaction consisted in injecting chars -previously prepared -in an atmosphere containing 3% O 2 in N 2 . The value of 3% O 2 was selected to obtain high enough char burnout for accurate determination to be reached, on the base of O 2 consumption measurements. Samples were taken after a 2 s particle residence time.
Type 3: reduction of NO by char
The purpose of these experiments was to determine the kinetic parameters of the reduction of NO by char. Such type of experiments has already been described in [2, 31] . The chars -previously prepared -were injected in an atmosphere containing 880 ppm NO in N 2 . This value of 880 ppm NO was chosen as a typical concentration in the reducing zone of the calciner. The particle residence time was 2 s.
Type 4: reburning by solid fuels
Finally, Type 4 experiments were carried out. These experiments aim at reproducing the situation of NO reburning by a solid fuel as it happens in the reducing zone of a calciner. In this situation, all the phenomena described above occur together, including gas phase oxidation of hydrocarbons and interactions between NO and VM.
The predictions of the model, in which the parameters determined from Type 1, Type 2 and Type 3 experiments were included, are compared with experimental results. No more parameters were adjusted at this stage of the modeling procedure. Therefore the model was then used to investigate the contribution of the different chemical mechanisms to NO formation and reduction.
In these experiments a fuel was injected in an atmosphere containing 1.5% O 2 and 880 ppm NO in N 2 . These values are representative for typical O 2 and NO concentrations in the reducing zone of a cement plant calciner. The residence time was 2 s, as in Type 2 and Type 3 experiments. In these conditions, the overall oxidation stoichiometry considering the whole solid fuel is very rich for the four fuels: 0.09 < equivalence ratio < 0.11.
It was shown that O 2 must be present for homogeneous NO reduction reactions by hydrocarbons to occur. Indeed oxygenated radicals such as O, OH, and HCCO have a great influence on the reduction mechanism [21] [22] [23] 29, 55] . Nevertheless, if O 2 is present in too large quantities, hydrocarbons are rapidly oxidized and cannot reduce NO. Consequently, there exists an optimum value for the concentration in O 2 ; this value depends on the thermochemical conditions. Kinetic gas-phase studies have clearly demonstrated that TFN (the total fixed nitrogen, i.e. the overall concentration of N-compounds except N 2 ) is minimized in conditions of slight excess air (1 < equivalence ratio < 1.2) [22] . because the ash content of petcoke and anthracite is too low (see Table 1 ). As a consequence, the kinetic parameters were derived from the time evolution of the total mass of volatile matters analyzed during experiments.
The total mass flow rate for all the VM analyzed has been calculated and plotted for the four fuels in Fig. 6 . It should be noted that the data are normalized to the initial fuel mass injected into the EFR. The full scale in ordinate is 0.6 g VM /g Fuel for lignite and coal (Fig. 6a and b) and 0.1 g VM /g Fuel for anthracite and petcoke ( Fig. 6c and d) . The amount represented on these diagrams as a straight dotted line corresponds to the standard VM content after subtracting moisture; it is always larger than the sum of the species analyzed. This is due to the fact that several species were not measured in the experimental device. The results indicate that half or more of the VM mass was not identified despite the large number of species analyzed in this work. In the following of the paper, the strong assumption will be made that this mass -consisting essentially of tars -is C s , since it is the dominant component of tars. Indeed, chemical reaction schemes to describe gas phase tars interactions with NO are still not available, and taking these reactions into account in the model cannot be undertaken. In the model, tars implicitly participate to NO heterogeneous reduction as if they were char. They are assumed to oxidize at the same rate as char.
For the low VM content fuels -anthracite and petcokethe final mass of VM released increases when the devolatilisation temperature increases from 800 to 1000°C. Surprisingly, this typical behavior is not retrieved in the case of lignite.
The fitted devolatilisation kinetic parameters are presented in Table 3 . It is interesting to note that the pre-exponential factor increases when the fuel rank decreases (for this work, we consider that petcoke is a high rank fuel: it has a low volatile amount and low O-and H-contents). Fig. 6 shows that the model can satisfactorily describe the release of VM over time, although significant differences remain at certain points.
Released species
We have plotted in Fig. 7 the time variation of the mole fraction of each species in VM during experiments at 1000°C for the lignite, the coal, the anthracite and the petcoke. The temperature of 1000°C was chosen for the plots because this temperature is closer to other processes than cement plants. The values lower than 10 ppm should not be considered since they are below the detection limit of the analyzers. It appears clearly that H 2 is the main species (in moles) released during pyrolysis in all cases. CO and CO 2 are also important, as well as CH 4 which is always the major hydrocarbon species. Other species are mainly [13] [14] [15] [16] [17] 45, 46] . It should be noted here that no NO is released during the pyrolysis.
The partitioning coefficients -that were adjusted to match the measured mole fraction for experiments at the three temperatures -are presented in Table 3 .
Type 2: char oxidation
The experimental and modeling results are compared in Fig. 8 . The kinetic parameters derived from this modeling are summarized in Table 3 . Coal and lignite chars, which were fed at the feeding rate of 0.5 g/min, consumed more oxygen than anthracite and petcoke chars, injected at a higher rate of 1.5 g/min. The lignite char is the most reactive one; anthracite char is the less reactive char (see Fig. 8a ).
The Arrhenius diagram presented in Fig. 8b shows the kinetic constant k OxChar for the four fuel chars; it was calculated on base of the BET surface. It appears that the reactivity of coal char is two orders of magnitude higher than that of anthracite char. Lignite and petcoke are superposed.
These experiments give interesting information about by-products from char oxidation. During oxidation, SO 2 and nitrogen species (NO, NO 2 , N 2 O, NH 3 , HCN) are also released in the gas phase. These measured concentrations allow the char oxidation partitioning coefficients (presented in Table 3 ) to be set in the model for the case of NO. The other measured gas concentrations are below the detection limit of 10 ppm.
Type 3: NO reduction by char
The experimental results and calculated values are plotted in terms of NO concentration in Fig. 9a and an Arrhenius diagram in Fig. 9b . The derived kinetic parameters are presented in Table 3 . A close agreement between the calculated values and the experimental results was found. The activation energy initially outlined by Aarna and Suuberg [30] is once again confirmed.
The lignite char is the most reactive one; petcoke and anthracite chars are less reactive (see Fig. 9a ). Coal and lignite chars (the latter fed at the rate of 0.5 g/min) are more efficient in reducing NO than anthracite and petcoke chars.
The specific surface related reactivity presented in an Arrhenius diagram in Fig. 9b shows that coal char is the It is interesting to compare the reactivity of the four chars to O 2 on the one hand, and to NO on the other hand, expressed through the C s consumption kinetics. Eqs. (6) and (9) show that this carbon consumption is proportional to the product A · S Spe . We have plotted in Fig. 10 the product A NO · S Spe vs. A O 2 Â S Spe . A clear correlation between the reactivity of chars to O 2 and to NO is drawn. The reactivity of C s to O 2 is approximately 1000 times higher than the reactivity to NO. It appears that the reactivities increase with decreasing fuel rank. However, these relations should be handled with care due to the small number of fuel samples.
Investigation of the reburning by solid fuels
Reburning experiments were performed with the four fuels. The measured NO consumption at the three experimental temperatures was plotted in Fig. 11 . This consumption is expressed as the difference between the initial and the final NO mole fraction in the gas phase. It appears clearly that lignite and coal are more efficient in reducing NO than the two low volatile fuels. Lignite is the more efficient NO reducer, whereas anthracite is the less efficient fuel. The NO reduction increases with temperature for all fuels, but not with comparable sensitivities. The composition of the gas phase after 2 s particles residence time for Type 1 (devolatilisation alone) and Type 4 (devolatilisation in the presence of 1.5% O 2 and 880 ppm NO) experiments at 1000°C are plotted together in Fig. 12 . One can see that in the case of high volatile fuels -lignite and coal -the gas phase composition is relatively stable between Type 1 and Type 4 experiments. In the case of low volatile fuels -petcoke and anthracite -hydrocarbons are no longer present in the gas phase at the end of Type 4 experiments. This can be simply explained by the fact that in the case of low VM fuels, oxygen is in excess and can oxidize the VM, which is not the case for high VM fuels.
Another very interesting result clearly appears in Fig. 12 : the concentration of ethylene (C 2 H 4 ) and acetylene (C 2 H 2 ) are much lower for anthracite (ca. 7 ppm), and petcoke (ca. 7 ppm) than for lignite (ca. 1000 ppm) and coal (ca. 600 ppm). As demonstrated previously, these C 2 hydrocarbons are very efficient reburning fuels [22, 24, [56] [57] [58] . Ammonia is also released through the pyrolysis of the selected fuels at a concentration of ca. 20-100 ppm.
Since these levels are much lower than that of the NO used here (880 ppm), the reduction of NO by ammonia cannot be efficient, as also observed by other authors [57, 59] .
Finally, Type 4 experiments (devolatilisation under 1.5% O 2 and 880 ppm NO) were modeled. At this step, no more parameters were adjusted. The model predicted total NO variations (white bars) are represented in Fig. 13 at the three experimental temperatures, and can be compared with experimental data (symbols). The model predicted that NO reduction capability for each fuel would increase with temperature, despite this tendency is not clear in the case of coal. A relatively close agreement between the computed and the experimental values was obtained. The model is able to describe the large differences in NO reduction capacity of the four fuels. Nevertheless, the computation seems to underestimate the NO reduction in most cases. This could be due to the fact that the model does not take into account a quantity of non-measured species that may influence the NO reduction process, particularly tars that were described in the model as C s . It is also possible that the chars used for the kinetic characterization of the NO reduction by char have undergone thermal deactivation during their preparation. In Fig. 13 are also plotted separately the model calculated contributions of devolatilisation (black bars), char oxidation (dark grey bars), reduction at the char surface (medium grey bars) and gas phase reactions (light grey bars) to NO formation. As seen previously, NO formed during devolatilisation is negligible. The char oxidation reaction produces directly some NO, but these quantities remain low.
Due to the direct influence of temperature on Arrhenius kinetics, the reduction of NO by char increased with temperature in all cases.
The gas phase reduction contribution increased slightly with temperature for low-volatile fuels, whereas the tendency is difficult to interpret in the case of lignite and coal. Indeed, one can see a low value at 900°C for coal and lignite. In the case of lignite, one may recall that the total volatile mass analyzed at 900°C was approximately half of that measured at 800 or 1000°C (Fig. 6a) . This has an influence here.
It can also be noticed that the quantity of NO produced during the char oxidation decreases with increasing temperatures for lignite and coal, whereas it increases with increasing temperatures for anthracite and petcoke ( Fig. 13c and d ). In the model, the NO produced by the char oxidation is proportional to the char oxidation progress (through the coefficient g c in Fig. 4 ). The explanation is that, in the case of lignite and coal, the particle is less oxidized with increasing temperature because oxygen is consumed by reaction with the highly reactive VM before oxidizing the char.
The non-monotonic behavior of the homogeneous NO reduction observed for lignite and coal is the result of complex competitive phenomena in the gas phase and at the char surface. A more detailed analysis of the gas-phase detailed chemistry is underway and should clarify these issues. Fig. 14 represents the time evolution of the total NO mole fraction in the gas phase. The contributions of gas phase reactions and all heterogeneous reactions in forming/reducing NO is also represented. It can be observed from these figures that the homogeneous (gas phase) reduction process starts quickly (0.05-0.1 s) and then stops, whereas char NO reduction starts later on (0.1-0.5 s) but then always progresses.
For coal, anthracite and petcoke, the gas phase NO reduction is of the same order of magnitude as the char reduction. In the case of lignite, the homogeneous reduction starts very early but reaches a peak value and then decreases. The majority of NO decrease is due to heterogeneous reduction.
Conclusion
This work is an attempt to model a very complex process -NO reburning by solid fuels -that involves different phenomena occurring simultaneously. The NO reduction capacity of four major solid fuels were studied and explained in this work, despite several strong assumptions were necessary and could be improved.
Each phenomenon was successfully characterized separately, using the same experimental device and modeled using the same model.
• Type 1 experiments, where the fuels were pyrolysed under 100% N 2 , allowed the variety of the species released and the kinetics of the devolatilisation reaction to be quantified. This was achieved at three temperatures: 800, 900 and 1000°C.
• In Type 2 experiments, the char oxidation reaction kinetics were characterized by running experiments with previously prepared chars under 3% O 2. The release of N-and S-containing gas species was characterized. Very large differences in reactivity of the chars from the four fuels towards O 2 were observed.
• In Type 3 experiments, the char NO reduction reaction was investigated. The kinetic parameters were determined. This time also, very large differences in reactivity of the chars from the four fuels towards NO were observed.
A clear correlation between the char reactivity to O 2 and the char reactivity to NO was found. It appears also that reactivity to O 2 and to NO are inversely correlated to the fuel rank.
Finally, experiments were undertaken to represent the reburning conditions encountered in a cement plant calciner. Lignite is the most efficient NO reducer; this can be explained by a number of results: it has the highest volatile matter content, the highest char porous surface and its char is the most reactive towards NO. Anthracite is the worst NO-reducer; this can be explained by its low volatile content and its low char NO reduction reactivity. Coal, that also has a high volatile content and a high char reactivity, reduces NO efficiently. Petcoke is comparable to anthracite regarding its low efficiency in reducing NO.
The second part of this work concerned the modeling of the experiments. The model, once adjusted to the specific sets of experiments (Types 1, 2 and 3), enabled to analyze the complex situation of reburning by solid fuels as it occurs in a cement plant. The results clearly indicated that at short residence time, homogeneous reduction is the most efficient mechanism. After 2 s, the char reduction mechanism becomes more significant. For three fuels -coal, anthracite and petcoke -homogeneous reduction is comparable with heterogeneous reduction. In the case of lignite, char is by far more efficient in reducing NO than gas phase reactions.
Further work will be to examine into details the mechanisms involved in the gas phase, as predicted from the detailed reaction scheme used in the model.
